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CHAPTER  I 


INTRODUCTION 

The  theoretical  study  of  transient  combustion  and  flame  spreading 
in  granular  solid  propellant  beds  requivas  a parallel  experimental  study 
to  provide  a direct  naan*  for  verification  of  the  theoretical  model. 

In  addition,  experimental  results  aid  in  the  understanding  of  the 
physical  process,  such  as  the  effects  of  primer  strength,  propellant 
type,  deterrent  concentration,  and  downstream  boundary  condition  on  the 
overall  combustion  process.  The  experimental  study  can  also  establish 
a data  base  which  may  be  useful  for  data  correlation  and  for  providing 
physical  input  for  the  theoretical  solution. 

1 . 1 Motivation  and  Objectives 

Catastrophic  failure  of  propulsion  and  gun  systems  has  been  attributed 
to  Ignition  transients  within  granular  propellant  charges.  This  research 
is  stimulated  by  the  need  for  continued  investigation  of  the  ignition 
end  flame  spreading  phenomena  of  solid  propellant  combustion.  The  research 
la  also  partially  mo tl vat ad  by  the  recent  progress  in  the  area  of  granular 
propellant  stadias  (1-22).  Besides  the  encouragement  offered  by  these 
advancements  in  this  field,  the  problem  of  ignition  and  flams  spraadlng 
in  porous  propellant  charges  is  obviously  important  in  design  and 
analysis  of  propulsion  systems . 

Therefore,  the  overall  research  objectives  of  this  experimental 
study  are: 


1)  To  verify  the  theoretical  Model  which  parallels  this 
ecudy. 

2)  To  laprove  the  understanding  of  tianelenc  coabustion  in 
order  to  reduce  hazards  sad  to  iaprove  the  design  of 
propulsion  systems. 

3)  To  provide  the  physical  nodal  and  boundary  conditions 
required  In  the  solution  of  the  theoretical  aodel. 

A)  To  evaluate  the  effect*  that  a single  variable  (i.e. , 
igniter  strength,  propellant  eonpoaltlon,  and  downstrran 
boundary)  has  on  the  transient  coabustion  process. 

The  results  of  this  study  aay  be  useful  to  future  Investigators 
for  predicting  general  trends  in  solid  propellant  coabustion  for  a wide 
range  of  coabustor  geometries  and  propellant  compositions.  In  addition, 
the  comparatively  generalised  approach  to  this  work  should  be  helpful  in 
the  design  of  future  experimental  test  systems. 

The  phenomena  that  occur  during  the  transient  coabustion  event 
include: 

a)  penetration  of  hot  ignition  gases  into  the  granular  bed 

b)  convective  heating  of  the  propellant  to  ignition 

c)  compaction  of  the  granular  bad 

d)  rapid  presaurlsation  within  tha  coabustion  c hasher 

e)  propagation  of  the  peak  pressure  toward  tha  downstream 
end  of  the  chaaber 

f)  fleas  spreading  within  the  propellant  bed 

g)  rapid  depressur last ion  of  the  chaaber  following  the  rupture 
of  e sheer  disc  or  aotion  of  e projectile. 

It  is  beyond  the  scope  of  this  initial  experimental  effort  to 
study  thsss  phaaoasns  individually.  Indaed,  they  ere  so  interrelated 
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Chat  couplet*  segregation  of  esch  process  is  virtually  Impossible. 

In  this  respect,  the  purpose  of  this  work  Is  to  describe  the  collective 
affect  of  these  phenomena  on  the  overall  coabustlon  process. 


IX 


CHAPTER  II 


LITERATURE  SURVEY 

In  this  chapter  a literature  survey  is  presented  on  two  different 
topics:  1)  a brief  survey  on  related  experimental  studies  in  granular 

propellant  combustion,  and  11)  a survey  of  the  instrumentation  currently 
used  in  combustion  tests. 

2.1  Survey  on  Related  Experimental  Works 

The  objective  here  is  to  summarize  the  results  and  conclusions  of 
various  investigations  in  granular  propellant  in  order  to  indicate  the 
current  atate-of-the  art,  to  gain  an  understanding  of  the  previously 
observed  phenomena  and  also  to  avoid  duplication  of  prior  studies. 

Recent  studies  were  made  by  various  investigators  to  gain  a deeper 
understanding  of  the  physical  phenomena  in  igniting  and  burring  granular 
propellants.  * 

Squire,  et  al  (23)  Investigated  the  primer  propellant  interface  in 
a constant  volume  venting  bomb.  They  conclude  from  their  experimental 
results  that  here  is  definitely  a propagation  of  a flame  front  through 
the  proponent  bed,  and  that  the  reason  for  tho  time  delay  between 
initiation  v>f  successive  gages  along  tho  chamber  is  explained  by  the 
finite  rate  of  flame  spreading  and  by  the  compaction  effect  in  the  bed. 
In  addition,  they  ahow  that  the  primer  strength  has  a pronounced  effect 
on  the  ballistic  cycle.  Kuo,  et  al  (1)  used  Squire's  results  to  show 
that  gas-penetration  burning  of  porous  propellants  or  explosives  under 


strong  confinement  Is  inherently  self-accelerating.  Squire  also  studied 
the  moti^a  of  the  granular  propellant  particles  by  inserting  several  lead 
particles  into  the  bed  and  observing  their  motion  with  X-ray  photography. 
There  Is  some  doubt,  however,  whether  these  results  are  representative 
of  the  actual  particle  motion  since  the  density  of  the  lead  particles  is 
much  greater  than  that  of  the  propellant.  If  smaller  lead  particles 
had  been  enclosed  in  a less  dense  material,  such  that  the  average  density 
of  the  test  particles  equalled  the  density  of  the  actual  propellant 
particles,  then  the  experimental  measurements  would  be  more  representative 
of  the  actual  particle  motion. 

In  the  consideration  of  the  effect  of  propellant  type  on  the  pressure- 
time-  distance  variations,  Warlick  (24)  conducted  several  experiments  on 
various  artillery  systems,  using  NACO  propellants  (the  cool-burning  pro- 
pellant which  reduces  barrel  erosion) , and  comparisons  were  made  with  the 
PYRO  propellants.  The  pressure-time  traces  obtained  at  the  case  base 
showed  no  significant  difference  with  propellant  type.  The  pressure- 
time history  at  the  projectile  base  is  latar  found  to  be  radically  different 
from  those  recorded  at  the  cartridge  case  base.  The  intensity  of  the 
traveling  pressure  front  in  the  combustion  chamber  was  found  to  be  strongly 
dependent  on  primer  venting,  porosity  distribution,  and  the  physlcal- 
chanical  characteristics  of  the  propellent  in  the  bed.  Varllck  firmly 
sugg^ts  that  Interior  ballistic  systems  studies  must  include  the  con- 
sideration of  the  above  effects  to  minimise  the  pressure  irregularities. 

Soper  (22)  performed  experiments  on  ignition  waves  in  gun  chambers 
loaded  with  NACO  propellants.  Hie  experimental  results  revealed  severe 
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wave  action  during  Ignition:  c.  distinct  pressure  wave  traveled  down  and 

continued  oscillating  Inside  the  combustion  chamber.  A strong  pressure 
spike  at  the  base  of  the  projectile  was  recorded  (the  typical  Intensity 
is  2460.0  kg/cm2).  Soper's  flash  X-ray  apparatus  detected  a pronounced 
acceleration  of  propellant  particles  ahead  of  the  gas  pressure  wave.  This 
suggests  concideratlon  of  both  the  motion  of  propellants  and  also  the 
Intergranular  forces  transmitted  in  compaction  beds  are  equally  Important. 

Extensive  experiments  were  performed  by  Gerrl,  et  al  (25,26)  on 
granular  propellants  in  a vented  chamber  similar  to  the  one  used  in  this 
study,  uerrl  primarily  used  WC-846  propellant  grains  and  FA-41  primers, 
which  wera  also  used  for  a small  number  of  experiments  in  this  study. 
Photodiodes  were  used  to  measure  the  flame  spreading  in  the  propellant 
bed  and  for  measuring  the  burst  of  the  shear  disc  at  the  vented  tad  of 
the  chamber.  Also,  a micro switch  was  used  to  measure  any  deflection  of 
the  shear  disc  prior  to  bursting.  3y  using  several  types  and  thicknesses 
of  shear  discs,  Gerrl  showed  that  due  to  extremely  high  pressurization 
rates,  the  bursting  strength  of  the  shear  disc  hed  little  effect  cn  the 
pressure-time  traces.  There  were  several  discrepancies  in  the  photodiode 
data,  however,  and  as  a result,  very  little  flame  spreading  information 
was  obtained.  The  results  of  ths  pressure  measurements  clearly  indicate 
• strong  pressure  gradient  which  moves  along  the  axial  length  of  the 
pecked  propellant  bad  during  Che  combustion  process.  Prom  his  experimental 
observations,  Gerrl  concludes  that  additional  theoretical  and  experimental 
emphasis  must  be  placed  in  the  following  areas:  1)  Completion  of  the  bed 
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due  to  primer  action;  2)  subsequent  compaction  of  the  bed  due  to  pressure 
build-up  and  two  phase  gas  flow  through  the  bed;  and  3)  ignition  at  the 
interface  between  primer  and  propellant. 

Bernecker  and  Price  (27-29)  have  studied  the  transition  from 
deflagration  to  detonation  (DDT)  in  porous  propellant  charges  u.<der 
confinement.  measure  the  flame  front  location  during  the  rranelent 
event,  ionization  pins  were  glued  into  the  walls  of  a thin-walled  nteel 
chamber  (detonation  tube)  which  detect  the  presence  of  ionized  gases  in 
the  propellant  flame.  Their  studies  show  that  a convective  flame  frcnt 
exists  in  burning  propellant  charges  and  that  the  stability  of  this 
convective  front  is  largely  determined  by  the  properties  of  the  ptopellant 
(1. e . , the  more  energetic  the  propellant,  the  more  stable  th®  convective 
front). 

Horst  (30-32)  has  done  considerable  work  in  primer-propellant  inter- 
face studies  for  larger  caliber  Navy  gun  systems  using  the  bayonet-type 
primer.  Host  evident  in  his  experimental  results  is  the  existence  of 
extreme  pressure  wave  phenomena  and  pronounced  reverse  pressure  gradients 
within  the  casing  caused  by  high  pressure  differences  between  the  breech 
sod  projsctllc  ends  of  the  casing.  Malfunctions  of  several  large  caliber 
gun  systems  haws  bean  attributed  to  these  large  pressure  differences. 

In  his  most  recent  experime.  cal  work  (52),  Horst  investigated  three 
possible  techniques  to  alnimlss  and/or  eliminate  tha  extreme  pressure 
wsvs  phenomena:  l)  elimination  of  void  regions  in  the  forward  end  of 

the  gun  cesing  end  the  addition  of  a redial  fem  spacer  along  the  casing. 


2)  replacement  of  the  standard  7-perforated  grains  with  19-perforated 
grains  and  3)  modification  (lengthening)  of  the  bayonet  primer  in  an 
attempt  to  provide  simultaneous  ignition  along  the  axial  length  of  the 
propellant  charge.’  Initial  experimental  results  indicate  that  the 
first  two  techniques  investigated  were  reasonably  effective  in  reducing 
the  reverse  pressure  gradient.  The  third  technique  was  less  successful; 
however,  it  was  pointed  out  that  by  increasing  the  primer  length  further 
(to  the  entire  length  of  the  charge),  axial  flame  spreading  might  be 
reduced  significantly  and  the  extreme  reverse  pressure  gradients  may  be 
eliminated. 

East  and  McClure  (33)  have  conducted  teats  on  two  different  charge 
assembly  configurations  for  the  76  mm  0T0  MELARA  weapon  system  end  on  two 
different  charge  assembly  configurations  for  the  5 '754  weapon  system. 
Their  tests  included  time  correlated  measurements  of  pressure  wave  action 
via  multiple  pressure  transducers  along  the  propelling  charge  axis  and 
projectile  base,  propellant  grain  motion  via  flash  radiography,  flame 
front . propagation  via  high  speed  photography,  projectile  displacement  via 
streak  photography,  and  projsctlle  acceleration  via  base  mounted  acceler- 
ometers. The  radiographs  revealed  that  the  M6  grains  ware  pulverized 
when  they  impacted  with  the  projectile  base  at  velocities  of  800  fps. 

In  addition,  their  measurements  showed  that  for  all  the  configurations 
tested,  the  fleas  front  wee  either  coincident  with  or  legged  the  pressure 
front  throughout  the  propelling  charge. 

2.2  Instrumentation  Survey 

The  three  primary  phenomena  measured  la  this  study  ere  pressure, 
flame  speed,  and  projectile  displacement.  To  instrument  a granular 
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propellant:  combustor  to  accurately  measure  these  extremely  rapid,  transient 
phenomena  requires  electro-mechanical  devices  with  the  following 
characteristics: 

a)  high  frequency  response  to  accurately  follow  the  transient 
event 

b)  high  resonant  frequency  to  avoid  high  amplitude  oscillations 

c)  high  input  impedance  so  as  not  to  affect  the  phenomena 
being  measured 

d)  high  durability  and  accuracy  when  exposed  to  extreme 
combustion  environments 

e)  high  output  level  to  avoid  noise  problems  in  signal 
processing 

f)  small  physical  size  and  cass  to  facilitate  mounting  in  the 
combustor. 

In  addition,  a recording  system  in  required  that  is  capable  of  high 
frequency,  multi-channel,  time  correlated  data  acquisition. 

2.2.1  Pleasure  Measurements 

A general  reference  (37)  for  pressure  tranducer  types  and  pressure 
sensing  elements  that  are  currently  available  in  the  commerlcal  market 
is  given  in  Appendix  1.  The  majority  of  recent  experiments  in  solid 
propellent  combustion  (22-26,30-35)  have  used  the  KISTLER  607  piezoelectric 
pressure  transducer.  The  vide  acceptance  of  this  electro-mechanical 
principle  warranted  additional  study  of  the  commercially  available 
piezoelectric  transducers  in  the  100,000  psi  range.  The  results  of  this 
survey  are  shown  in  Table  1.  The  major  difference  between  the  various 
models  in  Table  1 is  the  type  of  signal  conditioning  and/or  amplification 
required.  The  mure  expensive  models  Include  a cV.rge  amplifier  which 
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TABLE  1 


SB6ITOVI1Y  I .14pc/psi  |.05«v/psi  . lwv/psi  .2pc/psi  I . 13pc/psi 


JLLIW3NI1 
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provides  the  capability  to  select  an  output  range  for  a given  input  pressure 
range.  This  capability  is  hot  available  on  the  models  with  built-in 
amplifiers  or  in-line  amplifiers. 

A resistive  type  Mlnihat  (36)  pressure  transducer  was  developed  at 
the  Ballistic  Research  Laboratory  especially  for  use  in  the  extreme 
environment  of  Interior  ballistics.  During  the  development  of  the  gage, 
extensive  combustion  tests  were  made  to  compare  the  simultaneous  outputs 
of  the  Mlnihat  transducer  with  a Kistler  607  transducer.  In  the  latter 
stages  of  development,  the  comparisons  ware  in  extremely  good  agreement 
and  are  presented  in  reference  35. 

2.2.2  Flame  Speed  Measurements 
Considerable  disagreement  exists  among  current  investigators 
concerning  the  definition  of  the  flame  front.  One  group  of  Investigators 
(27-29)  defines  the  *lame  front  as  the  arrival  of  the  ionised  gas  which 
la  known  to  be  present  in  a flame.  Other  groups  (22,25,26,33)  define 
it  as  e high  intensity  luminous  sons  which  travels  through  the  propellent 
bed. 

To  measure  the  flame  speed  in  granular  propellent  charges,  Bernacksr 
and  Pries  (27-29)  have  used  ionisation  pins.  Their  results  have  shown 
that  tha  flame  spend  increases  abruptly  during  the  transition  from 
deflagration  to  detonation.  Garrl  (25,26)  has  used  photodiodes  to 
naaaura  flams  spreading  and  also  to  measure  tha  rupture  time  of  tha 
burst  dlaphram.  Gibson  and  Macak  (38)  ueed  a high  resistance  Rlchrome  wire 
aad> added  axially  1 a the  explosive  charge  tc  measure  the  flame  speed  in 
a continuous  manner.  The  ionised  flame  front  shorted  the  wire  to  the 
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grounded  charge  case,  thereby  completing  the  circuit.  As  the  flame  trav- 
eled through  the  charge,  the  resistance  became  smaller;  thus  a continuous 
measurement  of  the  flame  front  was  obtained.  Gibson  and  Hacek  also  used 
Ionization  pins  to  verify  the  Nichrome  wire  results  and  found  both  methods 
In  agreement  with  each  other. 

2.2.3  Projectile  Displacement  Measurements 
For  the  investigator  In  Interior  ballistics,  the  motion  of  a 
projectile  at  the  downstream  boundary  of  a propellant  charge  represents 
a transient  increase  In  volume  for  the  combustion  process.  As  a result, 
the  precise  location  of  the  projectile  before  leaving  the  gun  barrel 
is  extremely  important. 

Squire  (23)  used  a microwave  Interferometer  to  measure  the  projectile 
displacement  within  an  M16  rifle.  The  microwave  interferometer  is 
essentially  a very  high  frequency  (GHz)  transmitter/receiver.  A sine 
wave  Is  propagated  down  the  barrel  of  the  weapon  and  the  reflected 
radiation  from  the  nose  of  the  projectile  undergoes  a doppler  shift  as 
the  projectile  moves  forward.  The  resulting  output  is  a frequency  varying 
sine  wave  which  can  be  directly  related  to  the  velocity  of  the  projectile. 

Stansbury  and  Comer  (39)  have  also  used  the  microwave  interferometer 
An  their  studies  with  liquid  propellant  combustion.  Dus  to  the  inherent 
noise  in  the  doppler  signal,  they  have  developed  "smoothing"  and  filtering 
techniques  to  minimise  errors  in  differentiated  signals. 
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CHAPTER  III 


EXPERIMENTAL  SET-UP 

3. 1 General  Design  Considerations 

The  transient  combustion  process  of  granular  solid  propellant  is  an 
extremely  rapid  event  involving  pressurization  rates  which  exceed  14 
million  atm  per  second.  Pressurization  rates  of  this  order  of  magnitude 
may  create  extremely  hazardous  experimental  conditions.  In  this  respect, 
the  primary  consideration  in  the  design  of  the  combustor  was  safety.  Since 
each  data  instrument  mounted  in  the  valla  of  the  combustor  weakens  the 
strength  of  the  chamber,  the  number,  size,  and  type  of  each  data  probe 
was  carefully  considered  to  maximize  safety,  yet  still  obtain  meaningful 
data. 

In  addition  to  safety,  the  response  rime  of  the  data  probes  is 
extru>i>ely  important.  Transient:  events  of  the  order  mentioned  above 
require  data  resolution  to  the  order  of  just  j few  microseconds. 

Having  defined  the  major  considerations  in  the  combustor  design  and 
instrumentation,  it  is  the  purpose  of  this  chapter  to  present  the  assembled 
test  rig  end  then  to  describe  each  component  in  detail.. 

A schematic  drawing  of  the  current  experimental  teat  rig  is  shown 
in  Pig.  1.  The  main  components  are  1)  the  Igniter  ch ember  which  bouses 
t.ie  primer,  2'  the  main  combustion  chamber  which  contains  granular 
propellants,  and  3)  the  projectile  chamber.  During  the  course  of  these 
experiments,  four  basic  combustor  assembly  configurations  vers  used: 

s)  gesso ua  ignition  system  with  shear  disc  and  shear  disc 
retainer; 
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b)  gaseous  ignition  system  with  projectile  end  projectile 
chamber; 

c)  impact  primer  ignition  system  with  shear  disc  and  shear 
disc  retainer;  and 

d)  impact  primer  ignition  system  with  projectile  and  projectile 
chamber. 

A schematic  drawing  of  the  configuration  using  the  gaaeous  ignition 
system  with  shear  disc  and  shear  disc  retainer  is  shown  in  Fig.  2. 

3.2  The  Combustion  Chamber 

The  thick-walled  combustion  chamber  is  fabricated  from  ''Elastoff 
44"  steel,  and  is  designed  to  contain  rapid  pressure  transients  in  excess 
of  15,000  atm.  The  chamber  has  an  outside  diameter  of  8.89  cm,  and  a 
smooth  center  bore  of  0.777  cm.  The  length  of  the  chamber  is  15.24  cm. 
Each  end  of  the  chamber  contains  an  alignment  ring  to  ensure  a perfect 
concentric  alignment  of  adjoining  sections  of  the  combustor  (igniter  and 
projectile  charter).  A 5/8  inch  diameter  0~ring  (1/8  inch  cross-sectional 
diameter)  of  type  Buna  N rubber  provides  a pressure  seal  at  each  end  of 
the  chamber.  The  combustion  chamber  houses  four  pressure  transducers 
end  four  ionisation  probaa  which  are  evenly  distributed  snd  spirally 
located  along  the  length  of  the  chamber.  Each  ionisation  pin  is  . 
located  diametrically  opposite  to  a pressure  transducer.  The  spiral 
placement  of  the  preesure  transducers  snd  ionisation  pins  is  intended  to 
maximise  combustion  chamber  strength  snd  to  verify  th*  theory  that  the 
combustion  process  is  essentially  one-dismnsionel  along  the  axial  length 
of  the  granular  propellant  bed. 
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Figure  2 Schematic  braving  of  the  Combustor  with  the 

Caseous  Ignition  System,  Shear  Diac,  and  Shear 
Diac  leteiner 
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3. 3 Gaseous  Ignition  System 


Two  ignition  systems  have  been  developed  for  igniting  the  granular 
propellant  bed:  a gaaeouB  H2-02  Ignition  system  and  an  impact  ignition 
system.  The  gaseous  igniter,  which  was  used  primarily  during  the 
earlier  phases  of  testing,  is  shown  in  Fig.  3.  This  type  of  ignition 
provides  the  capability  to  readily  vary  Igniter  strength  and  duration. 
Igniter  mass  flow  rate  is  determined  by  the  choked  flow  equation  using 
the  measured  ignition  chamber  pressure  and  the  adiabatic  flame  temperature 
for  the  mixture.  The  igniter  strength  is  controlled  by  regulating  the 
oxidizer-fuel  ratio  and  the  amount  of  reactants  in  the  chamber.  Hydrogen 
and  Oxygen  were  chosen  as  the  reactants  because  of  their  easy  iguitability 
by  sparks,  and  wide  flammability  limits.  The  gaseous  reactants  are 
mixed  in  the  ignition  chamber  by  injecting  hydrogen  tangentially  into 
the  oxygen  stream  to  achieve  good  turbulent  mixing  within  a short 
distance.  Two  spark  plugs  srs  recessed  from  the  flow  stream  and  recircula- 
tion eddies  In  the  recessed  cavities  set  as  flame  holders  which  stabilize 
the  fleam  in  the  high  velocity  gas  stream. 

The  ignition  and  combustion  chambers  are  separated  by  a multi- 
perforated  convergent  nozzle,  shown  in  Fig.  4.  The  noRzle  is  covered  and 
tightly  aaalad  by  tape  on  the  upstream  aids  to  prevent  unburned  reactant 
gases  from  entering  the  propellant  bad  bafora  ignition.  The  design  of 
the  nozzle  is  intended  specifically  to  provide  uniform  heating  of  the 
granular  propellant,  to  achieve  a one-dimensional  flow  condition,  and 
also  to  provide  a one-dimensional  compaction  of  the  bed. 
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Pigur#  3 Schematic  Driving  of  tht  G*»«ou*  Ignition  Sy»t«ffl 
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Figure  4 Schematic  Drawing  of  the  Hulti-Perforat 
Convergent  Nozzle 


3.4  Impact  Primer  Ignition  System 


The  Impact  ignition  system  (more  commonly  called  a primer), 
which  has  been  used  in  the  later  phase  of  the  experimental  study,  ia 
shown  in  Fig.  5.  This  igniter  provides  an  extremely  short  Induction 
period  compared  to  that  of  the  gaseous  igniter.  The  smaller  volume  of 
the  impact  primer  results  in  significantly  less  back  flow  than  the 
gaseous  system  which  in  turn  produces  higher  peak  pressures  and  corre- 
sponding higher  flame  spreading  rates  In  the  granular  propellant  bed. 

The  strength  of  the  impact  primer  cannot  be  varied  as  readily  as 
the  gaseous  system;  however,  various  sizes  of  primers  of  Identical 
composition  are  available.  This  permits  c limited  capabl'lty  to  vary 
the  strength  of  Impact  Igniters. 

The  impact  ignition  system  consists  of  a 120  VAC  solenoid,  a 
firing  pin,  and  a small  primer  cartridge  which  contains  the  explosive 
charge.  The  density  and  mass  fraction  of  each  constituent  in  the  primers 
used  in  this  study  are  given  in  Table  2.  Ignition  is  achieved  in  the 
following  sequence:  A series  of  ignition  switches  are  activated  which 

supply  120  VAC  to  the  igniter  solenoid.  The  magnetic  field  established 
in  the  solenoid  causes  the  solenoid  armature  to  more  forward  and  strike 
the  firing  pin.  When  the  anature  strikes  ths  pin,  a 2 VDC  signal  la 
grounded  end  the  resultant  DC  pulse  is  recorded  es  e reference  time  for 
the  combustion  event.  Simultaneously,  the  firing  pin  strikes  the 
Palmer  cartridge,  causing  the  primer  blast,  which  is  subsequently 
discharged  into  the  granular  propellant  bed. 
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Figure  5 Scheme  tic  Drawing  of  tiie  Impact  Primer 
Ignition  System 


TABLE  2 


PHYSICAL  AND  COMPOSITIONAL  DATA  OF  FA- 34 
AND  FA-41  PRIMERS  <40) 


INGREDIENT 

Z BY  WEIGHT 

DENSITY (g/cc) 

PETN 

5.0  ± 1 

1.77 

Lead  Styphnat^ 

37.0  ± 5 

3.02 

Tetracenc 

4.0  ± 1 

1.05 

Alumlcun  Powder 

7.0  ± 1 

2.70 

Antimony  Sulfide 

15.0  ± 2 

4.12 

Barium  Nitrate 

32.0  ± 5 

3.24 

Average  Demjity  of  tha  Mixture  • 3.092  g/cc 
Weight  of  ?A-34  primar  » 0.400  grain* 
Weight  of  PA-41  primer  • 0.300  grain* 


3. 5 Projectile  Chamber 


The  last  section  of  the  test  rig  is  the  projectile  chamber  which 
is  a smooth-bore,  30  caliber,  thick-walled  gun  barrel.  To  observe  the 
transient  location  of  the  projectile,  a light  source-sensor  system  has 
been  developed.  This  system  is  currently  capable  of  providing  six 
distinct  position-time  points  for  the  displacement  of  the  projectile 
during  the  combustion  process.  Each  channel  of  the  light  system  works 
in  the  following  manner:  Light  generated  from  a 12  volt  lamp  travels 

through  a 2.5  cm  plexiglass  rod  mounted  in  the  wall  of  the  chamber.  It 
travels  across  the  30  caliber  bore  and  through  another  2.5  cm  plexiglass 
rod  which  is  mounted  diametrically  opposite  to  the  first  rod.  The 
light  is  then  received  by  a phototransistor.  The  six  beams  of  the  light 
system  arc  spaced  3.81  cm  apart  along  the  length  of  the  projectile  chanber. 

In  order  to  permit  a pressure  build-up  in  the  combustion  chamber 
prior  to  motion  of  the  projectile,  and  to  simulate  the  cartridge 
friction  before  shot  start,  the  base  of  the  projectile  is  glued  to  a 
1.27  cm  diameter  stainless  steel  shear  disc.  The  0.81  mm  thick  disc  is 
"sandwiched"  between  the  projectile  chamber  and  the  combustion  chamber. 

When  tbn  pressure  in  the  combustion  chamber  has  reached  a critical  value 
(2,072  atm) , the  shear  disc  ruptures  and  the  projectile  starts  to  move. 

The  projectile  represents  a moving  downstraaa  boundary  and  provldas  a 
transient  increase  1a  volume  for  the  combustion  procaas.  However,  during 
the  initial  phase  of  the  study,  the  projectile  and  projectile  chamber 
were  replaced  by  a shear  die*,  and  shear  disc  retainer  (Tig.  2).  This 
configuration  represents  a fixed  downstream  boundary  until  the  disc 


31 


ruptures,  at  which  time  the  combustion  event  is  terminated  with  a rapid 
depressurization  of  the  combustion  chamber.  The  shear  disc  used  in  the 
fixed-boundary  study  was  identical  to  that  used  with  the  projectile 
configuration  and  the  shear  disc  retainer  was  merely  a shortened  version 
(length* 5 cm)  of  the  projectile  chamber  in  order  to  provide  the  same 
shearing  effect  at  the  downstream  boundary. 

3.6  Instrumentation 

As  shown  In  Pig.  1,  the  combustor  is  instrumented  with  four  pressure 
transducers a four  ionization  pins,  and  six  photo  optic  sensors.  In 
addition,  a simple  DC  circuit  connected  to  the  solenoid  armature  of 
the  primer  indicates  the  time  the  firing  pin  starts  in  motion. 

3.6.1  Pressure  Transducers 

The  Hlnlhat  pressure  transducers (36)  are  resistance-type 
transducers  with  a pressure  range  of  100,000  pel  and  a sensitivity  of 
20,000  psl/ft,  nominal.  The  gauges  are  periodically  calibrated  at  the 
Ballistics  Research  Laboratories  to  a static  pressure  of  50,000  psl. 

The  resistive  element  of  the  gauge  represents  a single  arm  of  a 
Wheatstone  bridge,  as  shown  in  Fig.  6.  An  electrical  calibration  is 
provided  by  a shunt  resistor  which  parallels  a 400  resistance  in  the 
same  bridge  arm  as  the  resistive  element  of  the  gauga.  When  the  shunting 
switch  Is  closed,  the  parallel  combination  produces  a step  function  out- 
put equivalent  In  magnitude  to  a pressure  signal  of  50,000  psl. 

3.6.2  Ionisation  Pins 

The  location  of  the  flame  front  In  the  propellant  bed  during  the 
transient  event  Is  measured  by  four  ionisation  pins  evenly  spaced  and 
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spirally  located  along  the  length  of  the  combustion  chamber.  Physically, 
the  ionization  pin  is  a small  (.032  in  O.D.)  coaxial  tube  with  a dielectric 
material  separating  the  inner  and  outer  conductors.  The  pin  is  mounted 
in  the  wall  of  the  chamber  in  such  a manner  that  the  tip  of  the  pin  is 
flush  with  the  inside  wall  of  the  chamber.  Electrically,  the  pin 
represents  a switch  in  a simple  RC  circuit  as  shown  in  Fig.  7.  When  the 
switch  closes,  the  capacitor  discharges  and  a single  pulse  is  developed 
across  the  output  resistor.  During  the  combustion  process,  as  the 
flame  front  passes  an  ionization  pin,  the  ionized  gases  in  the  flame 
provide  a path  for  current  flow  from  the  inner  to  outer  conductor  of  the 
pin,  thereby  closing  the  switch  of  the  ionization  pin  circuit  and  producing 
a single  pulse  output. 

3.6.3  Projectile  Displacement  Measurement 
As  previously  described  in  Section  3.5,  the  location  of  the  projectile 
is  measured  by  a light  source  — photo  sensor  system.  Each  phototransistor 
is  the  initial  phase  of  a timing  generator  circuit.  When  light  is  received 
by  a phototransistor,  no  output  is  generated  from  the  circuit.  Howiver, 
when  the  projectile  moves  down  the  projectile  chamber,  it  interrupts  the 
light  beam  to  each  photo transistor  and  a single  pulse  is  generated  by 
each  of  the  six  circuits.  The  timing  generator  circuits  have  been 
designed  to  generate  one  single  pulse  snd  then  become  disabled.  This 
design  is  required  to  prevent  "false  signals"  whan  unburned  propellant 
particles  flowing  behind  the  projectile  Interrupt  the  light  beams  to 
ths  phototreaalstors.  In  ordar  to  raducs  tha  numbar  of  taps  racordar 
channels  required  for  the  timing  generator  circuits,  the  six  output 
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Figure  7 Schematic  Diagraa  of  a Single  Imitation  Pin  Circuit 
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circuits  are  combined  into  three  data  channels.  To  accomplish  this  and 
still  maintain  adequate  resolution  of  the  timing  pulses,  channel  1 is 
combined  with  channel  2,  channel  3 with  channel  4,  and  channel  5 with 
channel  6. 

3. 1 Data  Acquisition  System 

A block  diagram  of  the  data  acquisition  system  is  shown  in  Fig.  8. 

A wiring  diagram  of  the  system  la  given  in  Appendix  3.  Currently,  15 
data  signals  are  generated  for  each  test  firing  (4  oresaure  transducers, 
4 ionization  pins,  6 phototranslstcr  signals,  and  1 trigger  pulse).  The 
bridge  circuits  for  the  pressure  transducers  are  powered  by  a 6 channel 
Acoplan  model  2115  9 volt  DC  regulated  power  supply.  The  output  of 
each  bridge  is  amplified  by  a six-channel  50  db  wide  band  preamplifier 
which  was  manufactured  by  the  Electronic  Services  Department  of  The 
Pennsylvania  State  University.  Following  amplification,  the  pressure 
data  are  recorded  on  e high  speed  magnetic  tape  recorder. 

The  Ionization  pins  receive  power  from  four  40  volt  Ever  ready 
power  cells.  The  output  of  the  ionisation  pin  circuits  require  no 
amplification  or  signal  processing  and  are  recorded  directly  onto  the 
tape  recordar. 

The  six  channel  timing  generator  used  In  measuring  tha  projectile 
displacement  is  powered  by  a single  channel  of  the  power  supply  used 
with  the  bridge  circuits.  As  described  in  the  previous  section,  the 
six  signals  ere  combined  into  three  end  then  recorded  directly  onto  the 
tape.  The  trigger  pulse  also  requires  no  amplification  and  is  recorded 
directly  onto  the  tape. 
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The  high  speed  magnetic  tape  recorder  is  a Hewlett-Packard  model 
3924 B with  a simultaneous  14  channel  record/reproduce  capability.  Seven 
channels  record  in  the  KM.  mode  with  a bandwidth  of  DC-20  KHz  and  a 
frequency  response  of  + 0,  - 1 dB.  The  other  seven  channels  record  in  the 
Direct  mode  with  a bandwidth  of  300  Hz  to  250  KHz  and  a frequency  response 
of  +0,  - 1 dB.  In  addition,  an  edge  track  is  available  to  record  the 
output  of  the  voice  channel  amplifier. 

When  the  tape  recorder  is  operated  in  the  reproduce  mode,  its  output 
is  recorded  by  a fiiomatlcn  1015  Transient  Waveform  Digitizer.  The 
Biomatlon  unit  provides  4 channel  data  storage,  1024  bit  memory  per 
channel,  and  is  capable  of  a maximum  real-time  resolution  of  10 y seconds. 
When  operating  in  the  maximum  resolution  mode,  the  time  axis  output  of 
the  Blomatlon  is  expended  by  a factor  of  10,000.  The  output  of  the 
Biomation  is  used  to  drive  the  horizontal  and  vartical  daflection  of  an 
x-y  plottar  to  obtain  a hard  copy  of  tha  15  tlma-correlatad  data  signals. 
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CHAPTER  IV 


EXPERIMENTAL  RESULTS  OF  GRANULAR  BED  COMBUSTION 

It  is  the  purpose  of  this  chapter  firstly  to  present  the  experimental 
data  obtained  for  a particular  sat  of  conditions  which  will  be  called  the 
Reference  Case.  Using  this  as  a basis,  a qualitative  explanation  of  the 
physical  processes  that  occur  during  the  rapid  coabuation  event  will  be 
given.  Secondly,  data  will  be  presented  for  which  a single  variable 
has  been  changed  from  the  reference  case  and  a direct  comparison  will 
be  made  in  order  to  study  the  effects  of  primer  strength,  propellant 
type,  and  boundary  conditions.  In  addition,  the  data  are  used  for  the 
verification  of  the  theoretical  model. 

4.1  The  Reference  Cace 

For  convenience  of  comparison,  the  reference  case  has  been  selected 
as  a test  firing  with  the  following  conditions: 

a)  WC-870  ball  propellant  (properties  are  listed  In  Table  3); 

b)  7.00  gm  loading  weight  in  a 30  caliber  chamber,  15.24  cm 
long; 

c)  FA-34  impact  primer  (constituents  of  the  primer  are  listed 
In  Table  2);  and 

d)  0.81  mi  stainless  steel  shear  disc  at  the  downstream  boundary. 

A schematic  diagram  of  the  experimental  apparatus  for  ths  reference 
case  is  shown  in  Fig.  9. 

4.1.1  Experimental  Data 

The  results  for  a typical  test  firing  for  the  reference  case  are 
shown  in  Fig.  10;  the  curves  are  shifted  vertically  for  clarity.  The 
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TABLE  3 


PHYSICAL,  COMPOSITIONAL  AND  THERMO-CHEMICAL  DATA 
OP  WC  870  PROPELLANT* 


Particle  Shape  ■ Spherical 
Granulation 

Max  Particle  Diameter  ” 0.0965  cm 
Min  Particle  Diameter  ■ 0.06S6  cm 

Gravimetric  Density  - 0.960  gm/cc 

X Nitroglycerin  - 10.0 

X Nominal  Nitrogen 

Content  of  Nitrocellulose  * 13.15 

X Deterrent  Coating  “ 5.20 

Heat  of  Explosion  » 870  cal/gm 

Flame  Temperature  " 2831  *K 


*lhis  WC  870  Propellant  was  manufactured  by  Olin 
Corporation,  Winchester  Group 
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15.24  col 


Figure  9 Scheme tic  braving  of  the  Coabuetor  with  Impact 
Primer,  Shear  Diacr  end  Sheer  Diec  Retainer 
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Figure  10  Typical  Praaaure-Tima  and  Flwaa  Spreading  Data  for 
the  Reference  Caaa  (DAP  taat  No.  87) 
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relative  posit  isms  of.  the  pressure  gauges  are  given  in  Fig.  2;  note 
that  gauge  1 (Gl)  is  used  only  with  the  gaseous  igniter.  Only  three 
ionization  pin  traces  are  shown  here  because  IP  2 is  discharged  by 
igniter  gases  and  occurs  simultaneously  with  the  firing  pin  pulse. 

Since  it  does  not  give  useful  Information  about  flame  spreading,  IF  2 
was  not  used  for  most  of  the  test  firings.  Note  also  that  IP  3,4,5 
are  located  directly  opposite  to  gauges  3,  4,  and  5, respectively. 

From  Fig.  10,  several  significant  phenomena  can  be  inaediately  seen: 

a)  the  first  discernible  pressure  rise  for  each  pressure  gauge 
occurs  consecutively  for  G2  to  GS,  indicating  the  existence 
of  a pressure  wave  traveling  along  the  length  of  the  chamber; 

b)  the  pressurization  rate  Increases  consecutively  for  downstream 
positions; 

c)  the  downstream  gauges  (G4,  G5)  indicate  a second  pressure 
peak,  whereas  the  upstream  gauges  (G2,  G3)  show  only  s 
single  peek; 

d)  the  first  discernible  voltage  on  each  IF  trace  occurs  slightly 
before  the  first  discernible  pressure  rise  at  each  position; 

e)  before  the  shear  disc  ruptures,  the  pressure  at  the  last 
gauge  (G5)  overt okas  the  pressures  at  the  upstream  locations; 
and 

f)  all  gauges  dspret sui 1st  at  opproximstsly  the  same  rate. 

4.1.2  Explanation  of  the  Physical  Process 

These  observations  can  be  explained  In  tbs  following  manner.  The 
time  daisy  between  the  first  discernible  pressure  rise  of  each  gauge  1 at 
due  to  the  finite  time  period  required  for  the  penetration  of  the  hot 
product  gases  luto  tha  interstitial  voids*  resulting  in  « finite  rats  of 
flams  spreading  through  the  granular  bad.  The  Increased  pr*s</urlratlon 
rate  for  downstream  positions  can  be  understood  by  considering  the 
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sequence  of  p Assure  wavs  development  through  the  granular  bed.  After 
the  primer  discharges  Into  the  combustion  chamber,  the  upstream  propellant 
grains  Ignite  and  begin  to  gasify,  establishing  a relatively  weak  pressure 
wave  which  travels  in  the  downstream  direction.  Progressively,  additional 
propellant  begin  to  gasify,  thus  creating  a higher  pressure  behind  the 
pressure  front.  As  the  pressure  level  increases,  the  burning  rate,  and 
thus  the  rate  of  gasification,  Increases,  which  in  turn  causes  even 
higher  pressures.  As  the  process  continues,  the  pressure  and  the  rate 
of  gasification  and  pressurization  continue  to  progressively  Increase, 
creating  higher  pressures  and  thus  higher  gasification  rates,  this 
"snowball"  effect  during  the  combustion  of  granular  solid  propellant  is 
what  causes  an  extreme  pressure  gradient  at  the  pressure  wave  front. 

From  the  pressure- time  traces  and  flams  spreading  date  of  fig.  10,  It  is 
conceivable  chat  for  a much  longer  combustion  chamber  under  strong 
confinement,  the  pressurization  rate  would  continue  to  Increase  until 
eventually  DD?  occurred.  Other  investigators  (27-29)  have  shown  that  the 
dlauc  ar  of  a porous  propellant  charge  also  effects  the  rapid  combustion 
process.  Therefor*,  an  important  parameter  in  gun  system  design  is  the 
length-to-dlaaeter  ratio  for  end  burning  propellant  charges. 

The  second  pressure  peek  experienced  by  the  downstream  gauges  (G'+,  G5) 
is  the  result  of  the  rupture  of  Che  sheer  disc.  Upon  rupturing,  the 
subsequent  forward  motion  of  the  sheer  disc  establishes  a rarefaction 
wav*  which  travels  backward  through  the  chamber.  This  expansion  wave 
causae  an  abrupt  dip  In  pressure  at  the  G5  end  G4  locations,  while  the 
vpstieem  gauges,  G2  end  G3,  continue  to  show  s smooth  pressurization 
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since  they  are  unaffected  by  the  rarefaction  wave  until  a later  time.  G2 
and  G3  indicate  an  almost  simultaneous  peak  pressure  at  the  arrival  of 
the  rarefaction  wave  since,  by  this  time,  the  porosity  in  the  upstream 
region  has  increased  substantially  due  to  particle  motion  and  burning. 

The  second  pressure  peaks  Indicated  by  G4  and  G5  are  caused  by  compression 
waves  which  are  generated  in  the  region  near  the  igniter  and  by  the  motion 
of  burning  particles  toward  the  downstream  portion  of  the  bed. 

The  theory  that  a convective  front  precedes  the  pressure  front 
through  the  propellant  bed  is  further  supported  by  the  ionization  pin 
data  which  indicate  that  the  ionized  product  gases  (or  flame)  arrive  at 
downstream  positions  slightly  ahead  of  the  pressure  front  traveling 
through  the  bed.  In  Fig.  10,  IP  4 and  IP  5 consistently  indicate  a 
second  pulse  which  occurs  after  the  arrival  of  the  steep  pressure  front. 

It  is  believed  that  this  second  pulse  is  caused  when  the  pin  is  physically 
shorted  to  the  wall  of  the  chamber  due  to  the  extreme  Impact  of  the  steep 
pressure  wave.  I?  3 consistently  Indicates  a single  pulse  since  the 
pressure  front  is  still  relatively  weak  and  does  not  crush  or  destroy 
the  ionization  pin  as  it  does  for  downstream  positions.  In  Chapter  2,  it 
was  mentioned  that  previous  Invest igatora  have  used  ionization  pins  to 
measure  th*  turned  of  fins  front  propagation  through  s porous  propellant 
charge.  The  results  of  the  current  study,  however,  prove  inconclusive 
as  to  whether  the  ionization  front  is  actually  the  ignition  front  of  the 
particles.  These  results  suggest  that  the  ionization  pins  might  just  as 
well  Indicate  the  time  that  the  combustion  product  gases  arrive  at  a 
given  location,  and  there  is  no  experimental  evidence  to  date  relating 
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Che  flame  front  Co  Che  produce  gases  In  granular  propellant  combustion. 
Therefore,  the  term  "convective  front"  will  be  used  to  describe  some 
convective  mechanism — either  hot  product  gases,  or  ignition  front,  or 
both  — which  slightly  precedes  the  pressure  front  through  the  porous 
propellant  charge.  Using  this  definition,  then,  the  ionization  pin 
data  in  Fig.  10  show  that  the  convective  front  accelerates  slightly  as 
it  travels  downstream  through  the  bed. 

Before  the  shear  disc  ruptures,  the  pressure  at  the  last  gauge 
position,  GS,  overtakes  the  pressure  at  the  upstream.  This  phenomenon 
occurs  consistently  in  every  test  firing  and  is  the  result  of  the  extreme 
pressure  gradient  due  to  the  snowball  effect  described  above.  In  general, 
the  rupture  of  the  shear  disc  may  be  caused  by  Intergranular  stresses 
which  are  transmitted  through  the  propellant  bed  or  by  the  arrival  of 
the  pressure  front  or  a combination  of  these  two  mechanisms.  The  exact 
cause  of  the  shear  disc  rupture  is  still  unknown;  however  for  small 
arms  systems,  it  is  believed  that  granular  stress  at  the  shear  disc  is 
small  due  to  high  wall  friction,  and  therefore  rupture  of  the  disc  is 
caused  mainly  by  the  arrival  of  the  pressure  wave. 

After  the  rupture  of  the  shear  disc,  a significant  quantity  of 
unburned  propellant  is  discharged  from  the  downstream  portion  of  the  bed, 
resulting  in  a large  void  within  the  chamber.  At  this  time,  all  spatial 
dependence  becomes  negligible  as  shown  by  the  uniform  depressurization 
of  all  gauges  in  the  chamber.  Downstream  gauges  have  a slightly  more 
rapid  depressurlsation  due  mainly  to  their  proximity  to  the  vented  end 
of  the  combustion  chamber. 
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4 . 2 Effects  of  Igniter,  Propellant  Type,  and  Downstream  Boundary 

Having  defined  Che  reference  cate  for  this  study  and  having 
briefly  explained  the  aost  significant  phenomena,  the  purpose  of  this 
section  is  to  alter  a single  variable  of  the  reference  case  and  then 
observe  any  notable  changes  in  the  teat  results.  The  various  cases 
tested  are  listed  below: 

Case  1)  Gaseous  H#-02  igniter  to  replace  FA- 34  prlaer. 

Case  2)  PA-41  prlaer  to  replace  FA- 34  prlaer. 

Case  3)  WC-846  propellant  to  replace  UC-870  propellant. 

Case  4)  Undeterred  WC-846  propellant  to  replace  WC-870  propellant. 

Case  5)  Projectile  to  replace  the  shear  disc. 

4.2.1  Effect  of  Igniter  Strength 
The  priaer-propellant  interface  iu  one  of  the  aost  important 
characteristics  in  the  design  and  modelling  of  aodarn  gun  systems. 

Previous  Investigations  have  indicated  that  the  initial  strength  of  the 
ignition  source  can  greatly  affect  the  peak  pressures  and  pressurization 
-lea  In  an  end-burning  porous  propellant  charge  long  after  the 
igniter  has  bean  exhausted.  Three  types  of  ignition  sources  have  been 
used  in  this  study:  a gaseous  Ha-0t  igniter  and  two  solid  explosive 

inpact  **'  rs. 

4. 2. 1.1  Case  1:  Gaseous  Hi-Oi  Igniter 

The  pressure  time  results  of  a typical  test  firing  using  the 
gaseous  Hj-O*  igniter  are  given  in  Fig.  11  (refer  to  Figure  2 for  sxperl- 
lental  test  set  up).  The  general  chape  of  the  p-t  traces  is  quite 
similar  to  that  of  the  reference  case.  The  pressurization  process  down- 
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Figure  11  Topical  Preaaure-TIe*  Trace*  for  tha  Caae  1 
Aaaeably  Configuration  (Tracaa  are  offset 
vertically  for  clarity) 
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stream  increases  faster  and  eventually  overtakes  the  upstreaa  pressure 
traces.  In  addition,  the  data  show  that  the  rate  of  pressurisatlon 
invariably  increases  in  the  downstream  direction.  In  Fig.  11,  the 
pressure  transducer,  Gl,  was  positioned  in  the  ignition  chamber,  and 
because  of  a choked  back  flow  condition  at  the  ncaale.  It  lags  the  rise 
In  pressure  at  the  G2  position.  As  in  the  reference  case,  an  upstream 
gauge  (such  as  G2)  senses  the  pressurization  much  sooner  than  the 
gauges  at  downstream  positions,  and  the  rate  of  pressurisatlon  is  sig- 
nificantly higher  for  the  downstream  gauges.  Similarly,  the  pressure 
peak  for  G5  occurs  slightly  ahead  of  G2  because  of  the  rarefaction 
wave  phenomenon  described  in  Section  4.1.2.  The  most  significant 
differences  between  this  ease  and  the  reference  case  are  the  magnitude 
of  the  peak  pressures  and  the  total  time  for  the  combustion  event. 

The  reduced  pressures  for  the  Case  1 configuration  are  most 
probably  explained  by  the  larger  volume  of  the  gaseous  system  which 
results  in  a reverse  flaw  of  product  gases  through  the  multi-convergent 
nozzle  into  the  ignition  chamber.  This  increased  volume  (about  50Z  of 
the  volume  of  the  combustion  chamber)  is  not  available  with  the  impact 
primer  system.  In  addition,  the  reverse  flow  of  hot  product  gases 
results  in  a decrease  In  tha  amount  of  product  gases  available  to 
heat  the  unburned  (donwstream)  propellant  to  ignition.  As  a result, 
the  convective  mechanism  dsscribsd  in  Section  4.1.2  is  significantly 
weakened  and  consequently  the  combustion  event  require#  approximately 
twice  the  time  as  ths  refersnce  case. 
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As  previously  discussed,  one  of  the  primary  objectives  of  this 
experimental  study  is  to  provide  a direct  means  of  comparison  for  the 
theoretical  model.  Figures  12-15  show  a comparison  of  the  pressure- 
time history  for  four  positions  along  the  bed  for  Case  1.  The  experi- 
mental data  are  represented  as  a composite  of  six  firings  (shaded  areas) 
to  show  the  band  or  range  in  which  the  data  fall.  The  theoretical 
predictions  are  represented  as  a single  dark  line  and  are  calculated 
cnly  prior  to  the  rupture  of  the  shear  disc.  An  Inspection  of  Figs. 

12-15  shows  the  general  reproducibility  of  the  Case  1 test  firings  and 
the  relatively  good  agreement  between  theory  and  experiment  with 
pressure  magnitude,  pressure  slope  and  pressure  rise  times  at  each  gauge 
location.  Figure  12  shows  that  a major  portion  of  the  predicted 
prossure  at  G2  lies  within  the  rsnge  of  experimental  firings;  for  the 
early  pert  of  th<«  transient  interval,  the  calculated  value  of  pressure 
is  lower  than  the  experimental  data.  This  is  probably  either  due  to 
the  uncertainty  in  bed  compaction  by  primer  blest  or  due  to  the 
empirical  correlation  used  for  the  flow  resistance  calculations.  The 
resistance  correlation  was  obtained  under  a no  combustion  condition  which 
■ may  result  In  a higher  calculated  had  resistance  than  the  real  test 
condition.  A more  complete  comparison  is  given  in  Reference  5. 

4.2. 1.2  Case  2;  FA-41  Primer 

The  chemical  composition  of  the  FA-41  Impact  primer  is  identical 
to  that  of  the  FA-34  primer  but  physically  it  is  approximately  75Z  of 
tha  volume.  This  smaller  site  results  in  m weaker  Ignition  source  with 
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Figure  12  Coapariooo  of  tho  Theoretically  Prodie tod  G2  Proaaoro 
Troco  with  too  Coopoelte  of  Six  Caae  1 Experimental 
Firings 
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Figure  13  Comparison  of  the  Theoretically  Predicted  G3  Pressure 
Trace  with  the  Composite  of  Six  Case  1 Experimental 
Firings 
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Figure  IS  Comparison  of  the  Theoretically  Predicted  G5  Pressure 
Trace  with  the  Composite  of  Six  Case  1 Experimental 
Firings 


a smaller  Igniter  mass  flow  rate.  A typical  test  firing  using  the  FA-41 
primer  with  the  WC  870  ball  propellant  is  shown  in  Fig.  16.  The  two 
most  significant  features  of  this  case  are  (1)  the  very  slow  initial 
burning  and  pressurization  at  the  G2  location  (upstream)  followed  by 
a rapid  acceleration  of  the  pressure  front,  and  (2)  the  absence  of 
sharp  pressure  peaks  for  all  positions  along  the  bed. 

A comparison  of  the  pressure-time  treces  of  Case  2 and  the  reference 
case  is  given  in  Fig.  17.  This  direct  ce«tparlson  by  starting  the 
first  discernible  pressure  rises  at  G2  from  the  same  time  clearly 
shows  that  the  weaker  primer  produces  slower  burning  and  smaller  pressure 
slopes  than  the  reference  case  during  the  initial  phase  of  the  combustion 
event  (G2).  Once  the  granular  propellant  has  Ignited,  however,  the 
pressure  front  accelerates  at  a much  faster  rate  until  the  downstream 
gauges  (G4  and  G5)  exhibit  the  same  pressure  slopes  as  the  reference 
case.  The  similar  igniter  mss  flow  rate  for  the  Case  2 firing  results 
in  a lower  ruts  of  convective  heat  transfer  during  the  initial  stages 
of  burning.  This  in  turn  decreases  the  initial  rate  of  flame  spreading 
within  the  bed,  resulting  in  a decreased  spatial  variation  of  pressure 
along  the  chamber.  In  addition,  the  weaker  primer  does  not  compact 
the  propellant  bed  as  much  as  the  stronger  prlMr  of  the  reference 
case;  less  compaction  results  in  more  void  volume  In  the  downstream 
portion  of  the  bad.  Since  the  propellant  particles  are  not  aa  tightly 
packed,  there  is  lacs  flow  resistance  within  the  bad.  As  s result,  the 
acceleration  of  the  convective  front  becomes  more  pronounced. 


P of  G2  - 2,430  Atm 
max  G3  * 2,333 

G4  - 1,750 

G5  - 1,750 

PA-41  Primer 
WC-370  Propellanc 
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Figure  16  Typical  Pressure-Tine  and  Flame  Spreading  Data  for  a 
Case  2 T«rt  Firing  (SAP  Tost  No.  88) 
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A . 2 . 2 Effect  of  Propellant  Type  and  Deterrent  Concentration 


One  of  the  most  important  elements  that  can  influence  mass 
consumption  rates  and  pressure'' time  histories  for  interior  ballistics 
is  the  particle  geometry  and  the  burning  rate  of  the  propellant  itself. 
It  is  not  within  th*  scope  of  this  study  'o  develop  a relation  between 
propellant  physicochemical  properties  aud  burnins  characteristics. 

The  purpose  of  this  section  is,  however,  to  compare  the  data  obtained 
for  two  additional  propellants  with  the  reference  case,  and  briefly 


point  out  any  significant  characteristics  foinnc  ^propellant  type. 

4 . 2 . 2 . 1 Case  3;  WC-846  Deterred  Propt.'i  Li.  ,5, 

Shorn  in  Fig.  18  is  a typical  set  of  date  using  WC-846 
deterred  propellant  with  an  FA- 3*  primer  and  0.81  un  shear  disc  In  the 
15.24  cm,  30  caliber  combustion  chamber.  The  properties  of  the  Case  3 
propellent  ere  listed  In  Table  4.  The  results  of  test  firings  for 
Case  3 show  a significant  acceleration  of  the  pressure  front  as  it 
travels  through  the  propellant  bed.  In  addition,  the  peak  pressures 
for  Case  3 ere  consistently  higher  th  .a  those  of  ths  reference  case. 

A comparison  of  the  pressure-time  data  for  Case  3 and  the  reference  case 
is  given  in  Fig.  19.  In  evaluating  thee-  phenomena,  -t  is  important 
to  consider  the  particle  geometries,  The  WC  870  (reference  case) 
propellant  is  a spherical  grain  with  e maximum  diameter  of  0.0965  cm 
and  e loading  weight  in  the  15.24  cm  combustor  of  about  7.0  gm->  Tha 
WC  646  propellent  has  a cylindrical -disc  shape  with  a maximum  particle 
diameter  of  0.0686  cm  and  a loading  wuifht  approximately  greater 
th m tha  reference  :aae.  This  difference  in  particle  gaonetry  has  two 
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TABLE  4 


PHYSICAL,  COMPOSITIONAL  AND  THERMO-CHEMICAL  DATA 
07  WC  846  PROPELLANT* 


Particle  Shape  ■ Cylindrical-disc 
Granulation 

Max  Particle  Diameter  - 0.0686  cm 
Min  Particle  Diaaeter  - 0.0406  cm 
Web  (thickness)  ■ 0.0381  cm 

Gravimetric  Density  ■ 0.980  gm/cc 

Z Nitroglycerin  ■ 10.0 

X Nominal  Nitrogen 

Content  of  Nitrocellulose  - 13.15 

Z Deterrent  Coating  • 4.9 

Heat  of  Explosion  ■ 883  cal/gm 

Flame  Temperature  - 2,858  *K 


*Thls  WC  846  Propellant  was  manufactured  by  Olin 
Corporation,  Winchester  Group 
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significant  effects  on  the  initial  state  of  the  propellant  bed:  (1) 

the  smaller  VC  846  propelianc  results  in  a smaller  initial  porosity 
of  the  granular  bed,  and  (2)  the  cylindrical-disc  shape  of  the  WC  846 
grain  offers  a larger  vetted  propellant  area  per  unit  volume  of  the 
propellant  particles. 

The  larger  wetted  surface  area  will  necessarily  Increase  the  total 
gasification  rate  of  the  propellant  and  thereby  increase  the  pressurization 
rate  within  the  bed.  In  addition,  the  smaller  porosity  means  a smaller 
void  volume  within  the  propellar...  b« car i results  in  correspondingly 
higher  peak  pressures. 

4. 2. 2. 2 Case  4:  VC-846  Undeterred  Propellant 

In  the  theoretical  modeling  of  combustion  processes,  one  of 
the  most  difficult  problems  is  to  accurately,  specify  the  propellant 
deterrent  concentration  which  is  a critical  input  to  the  computer 
solution  of  the  model.  This  is  because  the  detailed  distribution  and 
thickness  of  deterrent  coating  on  the  particle  grains  is  currently 
unknown.  As  a result,  propellant  burning  rate  as  a function  of 
instantaneous  particle  radius  is  also  unknown.  The  objective  here  is 
to  show  the  drastic  changes  in  pressure-time  data  whan  the  deterrent 
coating  is  not  present  on  the  surface  of  the  propellant  grain,  and  the 
need  for  concentrated  studies  in  this  area. 

Figure  20  shows  a comparison  of  ths  pressure-time  histories  for 
the  5Z  deterred  (Case  3)  and  the  undeterred  (Case  4)  VC- 846  propellant. 

This  direct  comparison  shows  that  the  burning  characteristics  for 
ths  undeterred  propellant  are  much  more  energetic  than  the  deterred 


62 


Case  3 
Case  4 


i 

f 

j 


Figure  20  CoHparlaoct  of 


propellant.  This  can  bo  aeen  by  comparing  the  pressure  slopes  at  the 
upstream  gauge  locations  (G2,  G3).  Indeed,  the  pressure  vave  travels 
through  the  undeterred  propellant  bed  in  approximately  70  y sec  which 
can  almost  be  considered  as  an  lsochronic  ignition  of  the  entire  bed. 

The  pressure  wave  for  the  deterred  propellant  takes  about  six  times 
longer  to  travel  from  G2  to  G5.  The  pressure  levels  for  Case  4 are 

A 

significantly  higher  than  for  Case  3 r^acially  at  the  05,  position. 

'v 

This  extreme  pressure  peak  is  probably  caused  by  the  finite  time 
required  for  the  shear  disc  to  rupture;  since  the  pressure  wave  is 

so  steep  and  moving  so  fast,  the  rupture  of  the  shear  disc  occurs  at 

"s 

a much  higher  pressure  than  for  the  slower  cases.  As  a result  of  this 
extreme  pressure  level,  the  rarefaction  wave  generated  by  the  shear 
disc  motion  is  much  more  pronounced,  and  causes  a rapid  dap ressur Station 
at  the  G5  and  G4  locations. 

Clearly,  the  percentage  of  deterrent  content  in  „he  propellant 
grains  can  drastically  affect  the  entire  combustion  event.  To 
accurately  model  flame  spreading  and  combustion  procassas  in  a granular 
bed  of  deterred  propellants,  more  accurate  information  about  deterrent 
concentration  distribution  and  propellant  burning  rata  as  a function 
of  preseure  and  deterrent  concentration  is  required. 

4.2.3  Effect  of  Downstream  Boundary 
In  order  to  more  realistically  simulate  a gun  system,  the  venting 
shear  disc  at  the  downstream  boundary  was  replaced  by  a projectile 
and  a 27.5  cm  gun  barrel  as  shown  in  Fig.  1.  The  shear  disc  remained 


In  the  new  configuration  (attached  tc  the  projectile)  In  order  to 
permit  a pressure  build-up  within  the  chaaber  before  motion  of  the 
projectile.  This  set-up  provides  a transient  increase  in  volume  of  the 
combustion  chamber  during  the  combustion  event. 

4.2. 3.1  Case  S:  Moving  Projectile  * 

A typical  data  set  for  a test  firing  using  a sliding  projectile 
is  given  in  Fig.  21.  In  tdiW.ion  to  pressure  and  flam*!  spreading  data. 


the  Case  5 tests  also  include  projectile  displacement  measurements. 

The  physical  arrangement  for  the  phototrans.lstors  has  been  given  In 
Section  3.5.  It  should  be  noted  that  the  time  of  arrival  of  the 
projectile  at  each  measurement  potion  is  given  by  the  first  discernible 

7 

rise  in  voltage  for  each  p utd transistor  pulse. 

In  Fig.  21,  the  fXi^rn  spreading  data  Indicate  a slight  acceleration 
of  the  flame  f/.*»>nt  and  also  of  the  pressure  front  as  they  travel  through 
the  bed.  The  projectile  displacement  data  indicate  a rapid  acceleration 


of  the  projectile  followed  by  a slight  deceleration  as  it  nears  the  muzzle 
of  the  projectile  chamber.  This  deceleration  is  accompanied  by  a 
decrease  in  pressure  in  the  combustion  chamber  (G2-G5). 

A comparison  of  Case  5 and  the  reference  ease  is  shown  in  Fig.  22. 
This  direct  comparison  shows  that  the  initial  portion  of  both  curves  at 
each  gauge  location  agree  quite  cloeely.  The  effect  of  the  piston  is 
most  obvious  after  the  time  the  shear  disc  has  ruptured.  Both  cases 
indicate  the  effect  of  the  rorefaction  wave  which  is  generated  by  the 
rupture  end  subsequent  motion  of  the  downstream  boundary  (G4,  G5). 

However,  the  Case  5 data  for  G4  and  G5  show  a pronounced  second  peak 
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Figure  21 

Typical  Praaaura-Tiaa,  Plana  Spreading,  and  Projactlla  Data 
for  a Casa  5 Taat  Firing  (DAP  Taat  Ho.  86) 
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which  is  significantly  higher  than  the  first.  This  higher  peak  is 
caused  by  the  continued  gasification  of  propellant  behind  the  projectile. 
In  addition,  the  momentary  dip  in  pressure  a^  G4  and  G5  is  not  as 
great  as  that  for  the  reference  case  because  of  the  inertia  of  the 
projectile;  the  projectile  of  Case  5 accelerates  less  rapidly  than 
the  light  shear  disc  of  the  reference  case,  thereby  generating  a less 
pronounced  rarefaction  wave  which  travels  hack  through  the  bed. 

Since  the  projectile  travels  through  the  projectile  chamber  in 
approximately  0.5  msec,  the  Cass  5 combustion  process  remains 
partially  confined  for  that  time  period,  resulting  in  a much  slower 
pressure  decay  than  that  for  the  reference  case. 

4.2.4  Comparison  of  the  Locus  of  Pressure  Fronts 
The  pressure  wave  development  tor  the  various  cases  observed  in 
this  study  can  be  summarized  by  considering  the  plots  of  pressure  front 
loci  shown  in  Figs.  23  and  24.  Although  the  induction  time  for  each 
case  is  different,  for  the  purpose  of  this  comparison  ths  first 
discernible  pressure  rise  et  G2  for  each  case  is  designated  as  time 
equal  to  zero. 

Figure  23  shows  the  effect  of  igniter  strength  on  the  velocity  of 
pressure  front  propagation  through  the  bed.  Case  1 propagates  with 
the  lowest  velocity  due  to  the  combination  of  a weak  igniter  and  large 
gaseous  igniter  volume.  Case  2 also  has  s weak,  igniter  (FA-41)  but 
dua  to  ths  small  primer  volume , the  pressure  front  accelerates  rapidly 
in  the  downstream  portion  of  the  granular  bad.  The  reference  cese 
combines  s strong  igniter  (FA-34)  with  a smell  primer  volumv  to  produce 
a relatively  High  velocity  pressure  front. 
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Figure  23  Comparison  of  Pressure  Front  Loci  for  Cases 
and  the  Reference  Case 


12.38 


Comparison  of  Pressure  Front  Loci  for  Cases 
and  the  Reference  Case 


Figure  24  shows  the  effect  of  propellant  type  on  the  propagation 
velocity  of  pressure  front  through  the  bed.  For  Case  3 (VTC  346),  the 
velocity  of  the  pressure  front  initially  propagates  with  the  lowest 
velocity  primarily  due  to  a lower  initial  porosity  a i the  granular  ted. 
However,  it  accelerates  rapidly  and  eventually  approaches  the  velocity 
of  the  reference  case.  For  Case  4 (undeterred  WC  846),  the  velocity 
of  the  pressure  front  propagates  with  the  highest  velocity  and  approaches 
a near  isochronic  ignit  on  of  the  antire  granular  bed. 


CHAPTER  V 


CONCLUSIONS 


An  experimental  investigation  has  been  conducted  to  study  the 
effects  of  primer  strength,  propellant  type,  and  downstream  boundary 
on  the  transient  combustion  processes  in  granular  propellant  beds. 
During  the. course  of  this  study,  an  experimental  test  rig  has  been 
designed  and  fabricated.  Also,  a data  acquisition  system  has  been 
developed  to  measure  the  transient  pressurization,  flame,  spreading, 
and  projectile  motion  with  a time  resolution  of  five  microseconds. 

Several  important  conclusions  of  this  investigation  are  summarized 
below: 

1.  The  Igniter  strength  significantly  affects  the  transient 
combustion  processes  in  granular  propellant  beds.  A weak 
p timer  which  causes  lets  bad  compaction  was  found  to 
produce  the  following  effects: 

a)  a longer  induction  period  before  Ignition  of  the 
bad;  and 

b)  a pronounced  pressure  front  acceleration. 

In  addition,  a large  igniter  volume  was  found  to  cause 
significant  back  flow  of  product  gases,  thereby  retarding 
the  flame  spreading  sad  pressurization  processes. 

2.  Proprllant  deterrent  couceutivtion  drastically  affects  the 
overall  combustion  and  flame  spreading  processes.  Undeterred 
propellent  was  fouuJ  to  cause: 

e)  nxtrsBtely  rapid  flame  sprawling  due  to  rapid  ignition 
sit  propellant  particles 

b)  higher  peek  preobures  due  to  higher  gasification  rates 

• t)  extremely  high  downstream  pressurization  rates  due  ':o  the 
extremely  high  velocity  of  the  pressure  front. 
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3.  A larger  propellant  wetted  surface  area  per  unit  volume 
producer  an  Increased  rate  of  total  mass  consumption, 
resulting  in  more  pronounced  pressure  wave  phenomena  within 
the  granular  propellant  bed. 

4.  A moving  downstream  boundary  produces  the  following 
effects  which  are  different  from  the  vented  chamber 
configuration: 

a)  continued  gasification  of  propellant  behind  the  moving 
projectile,  resulting  in  a maximum  peak  pressure 
after  the  projectile  has  started  in  motion;  and 

b)  a longer  time  interval  for  the  depressurization  of 
the  chamber. 

5.  An  experimental  test  facility,  including  test  rig  and  data 
acquisition  syotem,  has  been  developed  to  study  a wide 
variety  of  combustion  conditions.  The  test  facility  has 
the  capability  to  detect  and  record  the  rapid  transients 
that  are  characteristic  of  granular  propellant  combustion. 
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Pressure  sensing  elements: 


a)  FLAT  DIAPHRAM 

b)  CORRUGATED  DIAPHRAM 

c)  CAPSULE 

d)  BELLOWS 

b)  STRAIGHT  TUBE 

f)  C- SHAPED  BOURDON  TUBE 

g)  TWISTED  BOURDON  TUBE 

h)  HELICAL  BOURDON  TUBS 


1)  SPIRAL  BOURDON  TUBE 
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